The uncoupler 2,4-dinitrophenol blocks the final step of lipopolysaccharide assembly-transfer of 0 antigen from undecaprenyl pyrophosphate to core lipopolysaccharide-in intact Salmonella typhimurium but not in isolated membrane fractions. The 0-antigen ligase enzyme is not inhibited by dinitrophenol in vitro, and core lipopolysaccharide synthesized in the presence of uncoupler in vivo is functional as acceptor of 0 antigen in vitro. The evidence strongly suggests that maintenance of proton motive force is required for transmembrane transposition of core lipopolysaccharide to the active site of 0-antigen ligase at the periplasmic face of the inner membrane.
The uncoupler 2,4-dinitrophenol blocks the final step of lipopolysaccharide assembly-transfer of 0 antigen from undecaprenyl pyrophosphate to core lipopolysaccharide-in intact Salmonella typhimurium but not in isolated membrane fractions. The 0-antigen ligase enzyme is not inhibited by dinitrophenol in vitro, and core lipopolysaccharide synthesized in the presence of uncoupler in vivo is functional as acceptor of 0 antigen in vitro. The evidence strongly suggests that maintenance of proton motive force is required for transmembrane transposition of core lipopolysaccharide to the active site of 0-antigen ligase at the periplasmic face of the inner membrane.
Biosynthesis of the lipopolysaccharide of Salmonella typhimurium is a vectorial transmembrane process catalyzed by multienzyme systems of the cytosol and the inner membrane. Early steps of lipid A synthesis are carried out by cytosolic enzymes (12) , and the subsequent stepwise addition of the sugars which form the core oligosaccharide appears to take place at the cytoplasmic face of the inner membrane (2, 9, 10) . However, the last step of assemblytransfer of polymeric 0 antigen to the completed core lipopolysaccharide-occurs at the periplasmic face of the inner membrane (7) , and the translocation of lipopolysaccharide to the outer membrane takes place from this site (8) . Thus, the core lipopolysaccharide must be transposed from the cytosolic to the periplasmic face of the inner membrane for attachment to 0 antigen and transfer to the cell surface.
Previous work (6) has shown that the translocation of lipopolysaccharide from the inner to the outer membrane is an energy-dependent process, requiring maintenance of both proton motive force and intracellular ATP pools. Transposition of an amphipathic molecule with a bulky hydrophilic unit, such as the core lipopolysaccharide, through the lipid bilayer is also a potential candidate for an energy-dependent process. Here, we provide evidence that transposition of core lipopolysaccharide to the periplasmic face of the inner membrane does indeed depend on maintenance of proton motive force.
MATERIALS AND METHODS
Strains and growth conditions. S. typhimurium BCM1 (7) is a kdsAl(Ts) derivative of SL3540 (galE468 pmi404 trpE2 metA22 Hi-b H2-e,n,x "cured of Fels2" flaA66 rpsL120 xyl404). GB1 is an rfb derivative of G30 (galE), which lacks the first enzyme of 0-antigen synthesis and incorporates added galactose only into core lipopolysaccharide (6) . BCM1 was grown at 30°C in MRSS medium as previously described (7) . GB1 was grown at 37°C either in MRSS or in proteose peptone beef extract.
Pulse-chase procedure. The conditions for pulse-chase * Corresponding author. were similar to those described previously (7 Rg of carrier wild-type lipopolysaccharide were added, and lipopolysaccharide was isolated by phenol extraction and ethanol precipitation as described previously (7).
Isolation of inner membrane fractions for in vitro ligase assay. Strain BCM1 was used to isolate donor inner membranes enriched in radioactively labeled undecaprenollinked 0 antigen. Cells (400 to 500 ml, approximately 5 x 108/ml) were grown under standard conditions and labeled at 42°C with [3H]mannose (100 nM, 50 ,uCi/,umol) and nonradioactive galactose (20 ,uM) for 15 min to accumulate lipidlinked 0 polymer. DNP was then added to 2.5 mM, and the culture was immediately chilled and centrifuged. Cells were resuspended without washing in 2 to 3 ml of cold 10 mM N-2-TRANSMEMBRANE TRANSPOSITION OF CORE LIPOPOLYSACCHARIDE 3135 hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.5)-25% sucrose-2.5 mM DNP and were broken by a single passage through a French pressure cell at 15,000 lb/in2. The lysate was diluted with one volume of 10 mM HEPES (pH 7.5)-2.5 mM DNP and layered onto a 1.5-ml cushion of 45% sucrose. Samples were centrifuged at 100,000 x g for 2.5 h at 40C in a Beckman SW50.1 rotor. This procedure pellets the outer membrane and unbroken cells, leaving an enriched inner membrane fraction at the interface. The interface material was carefully removed, diluted with 1 volume of 10 mM HEPES (pH 7.5)-2.5 mM DNP, and centrifuged in a Beckman TL100 ultracentrifuge (100,000 rpm at 40C for 2 h in a prechilled fixed-angle rotor). Membrane pellets were resuspended in 0.1 to 0.3 ml of 10 mM HEPES, pH 7.5, and stored at -70°C.
Inner membrane fractions containing acceptor core lipopolysaccharide were obtained either from GB1 grown in the presence of galactose at 370C or from BCM1 which had incorporated galactose at 30°C in the absence of added mannose. Cultures (500 ml) were grown to mid-log phase (5 x 108/ml) at the appropriate temperature. Galactose was then added to 20 puM, and the incubation was continued for 10 min. DNP (2.5 mM) and ice (50 g) were added to trap a fraction of the newly synthesized lipopolysaccharide core in the inner membrane. Inner membrane was isolated as described above.
Materials. Radioactive sugars were purchased from New England Nuclear or Amersham. Chemicals were from standard sources.
Measurement of radioactivity. Methods were as previously described (6, 7) .
RESULTS
Effect of DNP on attachment of undecaprenol-linked 0 antigen to core lipopolysaccharide in vivo. In order to examine transfer of 0-antigen chains to core lipopolysaccharide independent of earlier steps of 0-antigen synthesis, we took advantage of the pulse-chase procedure previously described (7) for sequential formation of 0 antigen and chase into newly synthesized core. The method employs a kdsA (Ts) pmi double mutant that is conditional for synthesis of both core lipopolysaccharide and 0 antigen; core synthesis is temperature sensitive by virtue of kdsA(Ts), while formation of 0 antigen is dependent on addition of mannose to the medium because of the pmi mutation. The strain used, BCM1, also carries galE in order to minimize the occurrence of secondary mutations in 0-antigen synthesis in the pmi background as well as to permit specific labeling of core lipopolysaccharide. The effect of DNP on attachment of 0 antigen to core lipopolysaccharide was determined as follows. Undecaprenol-linked 0 polymer was initially synthesized in the absence of core lipopolysaccharide formation by incubation of BCM1 at 42°C for 15 min with [3H]mannose and nonradioactive galactose. De novo synthesis of core was then restored by shifting the temperature to 300C. Under similar conditions in the absence of DNP, we have previously reported (6) that over 80% of the previously accumulated 0 antigen can be chased into newly synthesized lipopolysaccharide within 5 min. As shown in Fig. 1 prenol-linked intermediate to drive glycosidic bond formation (11) . Further, the analogous 0-polymerase reaction is unaffected by DNP under similar experimental conditions (5). The ligase reaction has been localized to the periplasmic face of the membrane, while synthesis of the core lipopolysaccharide cosubstrate appears to take place at the cytoplasmic face (9) . Under the experimental conditions used, DNP disrupts proton motive force but has little effect on intracellular ATP pools (6) . The idea that DNP might prevent access of the lipopolysaccharide substrate to the ligase enzyme by inhibiting a proton motive force-dependent transposition of core lipopolysaccharide to the periplasmic side of the membrane was therefore attractive. However, it was necessary to eliminate alternative, trivial explanations of the phenomenon before advancing such an hypothesis.
The structure of the core lipopolysaccharide synthesized in the presence of DNP is not grossly altered. The possibility that DNP simply prevents de novo synthesis of core lipopolysaccharide during chase could be excluded. We have shown (6) that incorporation of galactose into newly synthesized core continues at 50% the control rate under these conditions and that the amount of potential acceptor lipopolysaccharide formed during chase in the presence of DNP is in great excess of the amount of 0 antigen synthesized during pulse. Physical characterization of the core produced under the conditions described in the legend to Fig. 1 showed no detectable differences in the presence or absence of DNP: the two galactose-labeled lipopolysaccharides were indistinguishable in sodium dodecyl sulfate (SDS)-gel electrophoresis (Fig. 2) , and the lipid-free oligosaccharides released by mild acid hydrolysis gave identical elution profiles when analyzed by gel filtration on a Sephadex G-25 column (data not shown). (6) . Lanes: 1, 0 min of chase; 2 through 5, 5, 10, 15, and 20 min, respectively, of chase in the presence of 1 mM DNP; 6 through 9, 5, 10, 15, and 20 min, respectively, of chase in the absence of DNP.
Briefly, two isolated inner membrane fractions, one carrying 3H-labeled undecaprenol-linked 0 antigen (donor) and the other containing endogenous, newly synthesized core lipopolysaccharide (acceptor), are incubated together in the presence of detergent as described in Materials and Methods. Transfer of 0 antigen to lipopolysaccharide is determined by phenol extraction and ethanol precipitation. As shown in Fig. 3 It is possible that the observed dependence on proton motive force is indirect, reflecting some effect of membrane potential on the molecular organization or dynamics of the membrane that promotes transmembrane transposition of amphipathic lipids in a nonspecific fashion. However, the rate of flip-flop of phosphatidylethanolamine across the cytoplasmic membrane of Bacillus megaterium has been shown to be unaffected by uncouplers (4), and we consider this explanation relatively unlikely. Alternatively, it seems quite reasonable that transbilayer transposition of a glycolipid containing a bulky, negatively charged saccharide head group such as that of the lipopolysaccharide core might require facilitation by a specific, energy-dependent translocator, or "flippase." Phosphatidylcholine and aminophosphatide translocators in endoplasmic reticulum (1) and erythrocyte membranes (3), respectively, have been described. The latter is indeed ATP dependent, although the former has no apparent requirement for energy. If this hypothesis is correct, it should be possible to identify a class of lipopolysaccharide mutants defective in core transposition. Such mutants have not yet been described, perhaps because the resulting failure of lipopolysaccharide incorporation into the outer membrane would be lethal.
